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Decaying topological defects, in particular cosmic strings, can produce a signicant flux of high
energy neutrinos, photons and cosmic rays. According to the prevailing understanding of cosmic
string dynamics in an expanding Universe, the network of long strings loses its energy rst into
string loops, which in turn give o most of their energy as gravitational radiation. However, it has
recently been suggested by Vincent et al. (VHS) that particle emission may be the dominant energy
loss channel for the long string network. In this case, the predicted flux of high energy particles
would be much larger. Here we calculate the predicted flux of high energy gamma rays, neutrinos
and cosmic ray antiprotons and protons as a function of the scale of symmetry breaking  at which
the strings are produced and as a function of the initial energy mJ of the particle jets which result
from the string decay. Assuming the validity of the VHS scenario, we nd that an interesting domain
of the parameter space of string models is already excluded by current observations. A new aspect
of our work is the computation of the secondary muon and electron neutrinos fluxes resulting from
muon decay in the particle jets.
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Measurements of the spectra of high energy γ−rays, neutrinos and cosmic rays have emerged as a useful constraint
on particle physics theories which predict topological defects (for recent summaries see e.g. Refs. [1{3]). Although
it does not appear likely that the emission of high energy particles by topological defects can explain the observed
spectra, the current data can be used as upper bounds to constrain theories of particle physics beyond the standard
model.
Of particular interest for cosmology are theories giving rise to cosmic strings. Some time ago, the spectrum of cosmic
rays from non-superconducting strings was computed [4{6] under the assumption of the standard scaling picture [7{9]
emerging from studies of cosmic string dynamics in an expanding Universe (see Refs. [10{12] for recent reviews).
In this picture, the long string network evolves into string loops which then decay predominantly by gravitational
radiation. It was found that for strings with G  10−6 (required for strings to be relevant for cosmic structure
formation [13{15]) where  is the mass per unit length in the string, the predicted particle fluxes are substantially
lower than the observational detections or limits.
Recently, however, Vincent, Hindmarsh and Sakellariadou [16] have challenged the standard picture of string evo-
lution. They claim that the small-scale structure on the strings does not scale with the expansion of the Universe.
In the VHS scenario, the long strings lose their energy directly into particles instead of string loops. This leads to a
greater production rate of particles and hence of cosmic rays.
In this paper we present a detailed calculation of the predicted fluxes of high energy gamma rays, neutrinos and
cosmic ray antiprotons and protons in the VHS scenario. In particular, we study the dependence of the fluxes on the
string mass per unit length  and on the initial energy mJ of the jets generated by the particles produced from the
strings.
Detailed numerical simulations [17{19] have demonstrated that in an expanding Universe, the network of long cosmic
strings (long meaning with curvature radius greater than the Hubble radius) approaches a scaling solution in which
the number of long string segments crossing each Hubble radius approaches a constant value . In the standard
scenario, the string network maintains the scaling solution by continuously giving o part of its energy in the form of
string loops with radius smaller than the Hubble radius. Based on certain theoretical arguments (see e.g. [20]) it is
expected that in the standard scenario the distribution of loops also eventually takes on a scaling solution, i.e. when
all lengths are scaled to the Hubble radius, the statistical properties of the distribution of strings is independent of
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time. However, the resolution of string network simulations (Nambu action strings) is not yet good enough to be able
to verify this solution. Moreover, recent eld theory simulations [21] provide some evidence that the string defects give
o their energy not in the form of string loops, but directly by scalar and gauge particle radiation, thus corroborating
the VHS scenario rst put forward in Ref. [16] (These latter simulations, though, have been challenged [22]).
In the standard cosmic string scenario, most of the energy loss from strings goes into gravitational radiation. Due
to the relativistic tension, the string loops oscillate and decay slowly by emission of gravitational radiation. Only
a small fraction of the energy is released in the form of scalar and gauge particle radiation by the process of cusp
annihilation [23], during the nal loop collapse, or due to emission from black holes created from string loops [24]. It
has been shown [4{6;25] that for GUT-scale strings the flux of ultra-high energy particles is well below the observational
results or limits.
In the VHS scenario, in contrast, all of the string energy is released directly as scalar and gauge particle radiation.
Hence, it is expected that the flux of high energy gamma rays, neutrinos, and cosmic ray antiprotons and protons
will be much larger than in the standard scenario. Indeed, it was already pointed out [1;21;26] that the fluxes will be
above the observational limits for GUT scale strings. In this paper, we perform a detailed calculation of these fluxes.
In particular, we show that the predictions depend sensitively on the initial energy mJ characterizing the decay of
the particle radiation, which in turn depends on the presently unknown physics in the regime between the scale of
electroweak symmetry breaking and the scale of string formation. We nd that decreasing mJ leads to an increase in
the cosmic ray fluxes at intermediate energies (The upper cuto in the predicted spectrum, though, decreases). Thus,
even the additional freedom of decreasing mJ cannot make GUT strings obeying VHS dynamics consistent with the
observational constraints.
A new aspect of our work is the computation of the flux of secondary muon and electron neutrinos resulting from
muon decay in the particle jets. We nd that the secondary muon neutrinos contribute a substantial fraction of the
total muon neutrino flux.
II. JET FORMATION AND FRAGMENTATION




where  is the mass per unit length in the string. This equation denes the constant  which counts the number of
strings per volume t3 in the scaling solution. The value of  can be determined from simulations of cosmic string
network evolution. Current work [17{19] gives  ’ 13. In the VHS scenario, the scaling solution is maintained not by
the production of string loops, but by the radiation of gauge and scalar particles (which we collectively call X-particles
in the following). Making use of the equation of state of a string, the continuity equation becomes




where nX and mX are the number density and mass, respectively, of the X-particles.
The decay of the high energy X-particles will lead to the production of jets analogous to the QCD jets seen in
accelerators. To simplify the discussion we assume that the initial energy of all jets is the same, mJ . In this case, the
decay of a single X-particle will lead to mX=mJ jets, and the number density of jets generated by the energy release









The largest uncertainty in the calculation of the flux of high energy particles generated by strings comes from our
ignorance of the structure of the jets at ultra-high initial energies. Jet production has been studied in detail in QCD.
From such studies, the fragmentation function of jets into photons, neutrinos and baryons is known [27;28], at least
to a good approximation, up to a few TeV. However, in our case the particles producing the jets are superheavy
scalar and gauge particles. Following Refs. [29,30], the fragmentation functions of such jets are usually calculated by
extrapolating the QCD fragmentation functions to higher energies (in which case mJ is taken to be mX). This is
appropriate if there is no new physics which does not match this extrapolation between the electroweak symmetry
breaking scale and the unication scale (the scale at which the defects are produced), but it is not justied if there
is new physics (e.g. supersymmetry breaking) which does not match the extrapolation. We will parametrize our
ignorance about new physics and its eects on the jets from the X-particle decay by introducing a new scale mJ
(which may be the scale of the new physics) as the scale to which the fragmentation functions can be satisfactorily
extrapolated from the QCD regime. We will then assume that the initial scalar or gauge X-particle produces mX=mJ
jets with initial energy mJ each. While this may or may not be the precise description of the decay, it will at least
help quantify the dependence of the nal fluxes on the uncertainties in the fragmentation process.
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The initial jet particle decays into quarks and leptons on a time scale of ~m−1J , where ~ is the coupling constant
associated with the physics at the energy scalemJ . The quarks then hadronize on a strong interaction time scale. Most
of the energy (about 97%) in a QCD jet goes into pions, the remainder into baryons (mainly neutrons, antineutrons,
protons and antiprotons) [30]. On astrophysical time scales, the neutral pions decay into two photons, the charged pions
decay into neutrinos and electrons or positrons, and the neutrons decay into protons and leptons. The contribution
of leptons not produced by the hadronization process to the total flux of jet leptons is negligible.
The distribution of energies E of the primary QCD jet decay products (predominantly equal numbers of 0; +






x−3=2(1− x)2 ; (4)
where x = E=mJ is the fraction of the jet energy carried by the decay product. The two body decays of the primary
0; + or −decay particles leads, on the average, to two photons and two primary muon neutrinos for every three
















where the constant  depends on the decay process being considered (see below). Equation (5) applies to the nal
spectrum of photons produced in the jet. The photons result from 0 decay. In this case, both of the decay particles
have vanishing rest mass, and it is possible for a single photon to carry away the entire pion energy. Hence,  = 1 for
the photons. Neutrinos result from + and − decay. In the decay process  ! +
(-)
 , one of the decay products
(the muon or antimuon) has nonvanishing rest mass. In this case, the integration limits when integrating (4) are not
x and 1 (see e.g. [31] and [32]). The correction to the upper integration end is negligible, but not so the change in the






’ 2:34 ; (6)
when E  m. Here m ’ 140 MeV is the charged pion mass and m ’ 106 MeV is the muon mass. Equation (5)
describes the  and  neutrinos immediately produced by the decay of the charged pions. The nal spectrum of
 and  neutrinos, however, is comprised of the  and  neutrinos produced by the subsequent decay of the 
+
and − together with the contribution from those immediately produced by the decay of the + and −. The nal
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spectrum of e and e neutrinos is produced by the decay of the muons and antimuons. Taking into consideration






































Equation (4) applies to the primary baryonic decay products such as protons and neutrons. Since only about 3% of
the energy of the jet goes into baryons and antibaryons and most of the energy of decaying neutrons and antineutrons






x−3=2(1− x)2 : (9)
Equation (4) is one approximation to the numerically computed QCD fragmentation functions taken from Ref. [30].












for values of x between 10−10 < x < 10−2.
A third formula is based on the Modied Leading Logarithmic Approximation (MLLA) [34] of QCD. At small x,































gives the normalization constant K.
Figure 1 shows a comparison of the three fragmentation functions (4), (10) and (12). The dierence between
these functions is small in the energy range 10−6 < x < 10−0:5, and will be unimportant for order of magnitude
considerations. Hence, in the following we will use mostly approximation (4).











FIG. 1. Comparison of the three jet fragmentation functions discussed in the text. The solid line represents the fragmentation
function (4) used in this paper, the dash-dotted line is the from of (10), the dotted line is the approximation (11) of (10), and
the dashed line is (12).
The expressions for the number density of jets (3) and for the energy distribution of the jet decay products (4)
or (5) can be convolved to obtain the expected flux F (E) of high energy photons, neutrinos, and cosmic rays of











(z(t0) + 1) : (13)
In this formula, particles observed today (t = t0) with energy E were produced at a time t
0 with energy E0 =
(z(t0)+1)E, z(t) denoting the redshift at time t. The factor (z(t0)+1)−3 expresses the dilution of the particle number
density in an expanding Universe. The last factor (z(t0) + 1) is the Jacobean converting E to E0. The cuto time
6
tc(E) corresponds to the maximal redshift from which particles of present-day energyE can reach us. This cuto can
be due either to interactions with the ambient astrophysical media during propagation, or to the constraint that the
initial energy E0 must be less than the initial jet energy mJ . For decay particles such as photons, one must use (5)











(zmax − 1) +
1
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Equations with terms of the same powers in E
mJ
apply for the neutrinos. Here, zmax denotes the redshift corresponding
to tc:




where zco is the redshift cuto due to astrophysical interactions. For convenience, we have presented Equation (14)
in the case zmax < zeq. In our Figures, we have calculated the more general result without this restriction on zmax.
The rst important conclusion to draw from (14) is that for energies E substantially smaller than the eective
initial jet energy mJ , the fragmentation term proportional to (E=mJ)




Hence, for xed cosmic string mass per unit length , the spectrum of high energy photons and neutrinos increases as
the jet energy mJ decreases. This arises because for smaller values of mJ there are more jets, and the fragmentation
function as a function of E is more compressed. These two eects overcome the factor of m
3=2
J from the dominant
term of the fragmentation function.
To complete the calculation of the photon, neutrino and cosmic rays we need to know the value of zmax(E). For
photons of energies greater than about 100 GeV, the value of zcoγ (E) is dominated by pair production o the cosmic
photon background. The resulting function zcoγ (E) is shown in Figure 2 (taken from Ref. [6]). For lower energies,
pair production o nuclei determines the functional form of zcoγ .
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FIG. 2. The maximal redshift zcoγ (E) from which photons can reach the Earth as a function of the energy at arrival.
The dominant process is scattering o the 1:9oK cosmic background neutrinos for which the function zco (E) is
given by [37]





; E  3 105 GeV (17)
and





; E  3 105 GeV : (18)
The decay of lepton pairs produced in the neutrino scattering process further enhances the spectrum of e; e; ,
and , and allows neutrinos emission, corresponding to present day energies E  1012 GeV, to be detected from
signicantly higher redshifts than that given in (17) and (18) [38]. However, we will neglect the cascade enhancement
of the cuto redshift because the dominant term in the predicted neutrino flux from strings, (14), is proportional to
(1− (zmax + 1)
−1=2).
For antiprotons and protons, in the energy region between 51018 GeV and 51019 GeV, the dominant interaction
is e+e− pair production o the cosmic microwave background. At higher energies, photopion production becomes
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the dominant energy loss mechanism. The onset of photopion production corresponds to the GZK cuto energy [39].
Above this energy, the rate of energy loss increases dramatically, and protons do not reach us from cosmological
distances. The maximal redshift zcop(E) from which protons and antiprotons can be detected can be calculated by
taking the absorption length of protons and antiprotons today in the intergalactic medium and converting this length
to a redshift. Applying the results of [40], we nd that for all energies in the range of interest zcop(E) is substantially
smaller than 1, thus justifying our approximation which neglects the eects of the expansion of the Universe. For an
expanded treatment see e.g. [41] and [42]. Our results for zcop(E) are depicted in Figure 3.














FIG. 3. The maximal redshift zcop(E) from which protons and antiprotons can reach the Earth. Note the sharp decrease of
the curve above 4 1010 GeV corresponding to the GZK cuto.
III. COMPARISON WITH OBSERVATIONS
The predicted flux of high energy neutrinos in the VHS scenario can be obtained from Eq. (14) using (15), (17)
and (18) to determine zmax . The results are shown in Figure 4 for the case when mJ = , where  is the scale of
symmetry breaking.
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Frejus   
Fly‘s Eye
FIG. 4. Neutrino flux in the VHS cosmic string scenario for various values of G (solid lines from top to bottom, G = 10−6,
10−8; 10−10; 10−12; 10−14; 10−16). Points with arrows represent upper limits on the diuse neutrino flux from the Frejus [44]
and the Fly’s Eye [45] experiments. The scattering of neutrinos was taken into account. The observational limits are plotted
using the updated CC(N) cross-section [43].
The most recent observational limits come from the Frejus [44] and the Fly’s Eye [45] experiments. These experiments
give upper bounds on the cosmic ray neutrino flux in the energy range between 104 GeV and 1011 GeV. By inspection,
we nd an upper bound on G of about
G < 10−10 : (19)
The most stringent constraint comes from the highest energy for which observational data is available. Note that
the slope of the predicted spectrum in this energy range matches well the slope of the spectrum of the observational
upper bound.
The predicted flux of high energy photons is determined by combining Eq. (14) with (15) and zcoγ as displayed in
Figure 2. The results in the case mJ =  are shown in Figure 5, for the same values of G used in Figure 4.
The best current observational constraints on the diuse γ−ray flux come from the combined photon data from
the Fly’s Eye and the AGASA [46] experiments, whose energy range is between 1019 eV and about 1021 eV, and from
the CASA-MIA experiment [47] at energies between 6 1014 eV and 6 1016 eV. Air shower detectors at ultra-high
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energies cannot distinguish between photon-induced and cosmic ray-induced showers, although detectors in the TeV
range [47] indicate that the ratio of gamma-ray to cosmic ray components between 106 and 108 GeV is that less than
10−3. The most stringent constraints come from the highest energies to which the detectors are sensitive, and the
comparison between predictions and observations gives an upper limit of
G < 10−10 : (20)
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FIG. 5. Photon flux in the VHS scenario for G = 10−6; 10−8; 10−10; 10−12; 10−14; 10−16 (solid lines from top to bottom),
and taking mJ = . The dashed line represents the experimental upper limits on the diuse γ-ray flux from EGRET [48].
Points with error bars correspond to the combined cosmic ray data from the Fly’s Eye and the AGASA [46] experiments. Points
with arrows represent upper limits on the γ-ray flux from the CASA-MIA experiment [47].
As is obvious from (16), the predicted flux of cosmic ray neutrinos and photons increases as mJ decreases. Thus,
the VHS scenario with GUT-scale strings cannot be made compatible with observational constraints by lowering the
energy scale mJ of the initial jets (which would be likely to happen if new physics evolved between the electroweak
symmetry breaking scale and the GUT scale). Raising mJ above  would alleviate the conflict, but this appears quite
unnatural.
On the other hand, for suciently low values of mJ , the maximal energy of cosmic ray neutrinos and photons
predicted in the VHS scenario will fall below the energy scale for which there are ultra-high energy observational
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constraints. Based on the experiments mentioned so far, this would occur for mJ < 10
4 GeV. However, there are
further observational constraints at much lower energies from the diuse gamma-ray flux observed by EGRET [48].
This limits the photon flux at an energy of about 3 GeV to
E3Fγ(E) < 3 10
16eV 2m−2s−1sr−1 : (21)
The predicted gamma-ray flux for G = 10−6 and for varying values of mJ is shown in Figure 6. As is evident,
already for mJ = 10
14 GeV, the predicted flux at 3 GeV is in excess of (21). Hence, we conclude that in the VHS
scenario, GUT-scale strings cannot be made compatible with all of the observations by lowering the value of mJ .
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FIG. 6. γ−ray flux for G = 10−6 and mJ = 10
16; 1014; 1012; 1010; 108 (solid lines from bottom to top). The dashed line
represents the experimental upper limits on the diuse γ-ray flux from EGRET [48]. Points with error bars correspond to the
combined cosmic ray data from the Fly’s Eye and the AGASA [46] experiments. Points with arrows represent upper limits on
the γ-ray flux from the CASA-MIA experiment [47].
Finally, let us briefly consider the high energy cosmic ray proton and antiproton flux constraints. The flux can be













− 2Em−1J ((zmaxp + 1)
1=2 − 1) +
1
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Once again, the predicted flux scales as m
−1=2








Comparing with (14), we see that the predicted cosmic ray proton and antiproton flux is between two and three orders
of magnitude smaller than the predicted photon flux. Figure 7 shows the predicted cosmic ray proton and antiproton
flux obtained by inserting the redshift cuto of Figure 3 into the above equations.































FIG. 7. Cosmic ray proton and antiproton fluxes for the same 6 values of G used in previous gures. Points with error bars
correspond to the combined cosmic ray data from the Fly’s Eye and the AGASA [46] experiments.
IV. CONCLUSIONS
We have computed the ultra-high energy γ−ray, neutrino and cosmic ray fluxes in the VHS cosmic string scenario,
in which the long string network loses its energy directly by particle emission. This is in contrast to the standard
cosmic string model with a scale-invariant distribution of string loops which lose energy predominantly by gravitational
radiation. The predicted particle fluxes are much larger in the VHS scenario.
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The predictions for the particle fluxes depend on extrapolating the QCD fragmentation function to energies much
higher than typical QCD energies. New physics between the QCD scale and the scale  =
p
 at which the defects
are formed could have a signicant eect on the nal particle distribution. We parameterize this uncertainty by
introducing a scale mJ as the energy scale to which the QCD fragmentation functions can be extrapolated and regard
mJ as the initial jet energy. The smaller the value of mJ , the larger the number of jets which are generated by the
initial emission from the cosmic string. We calculate the resulting particle fluxes as a function of both mJ and . A
new aspect of our work is the computation of the secondary muon and electron neutrino fluxes resulting from muon
decay in the particle jets.
Our calculations show that the predicted flux F (E) of γ−rays, neutrinos and cosmic rays scales as E3F (E)  E3=2,
as in other defect models, whereas the observations show a much weaker increase with E. Hence, the most stringent
constraints on topological defect models come from the highest energies for which data exist.
Setting mJ =
p
, we nd that VHS strings with G > 10−12 produce cosmic ray in excess of the observations.
Hence, assuming that the strings evolve as in the VHS scenario, models with G > 10−12 or equivalently  > 1013
GeV are ruled out by the data. This result is in accordance with the recent ndings of [26].
At a given particle energy, the predicted fluxes reaching the Earth scale as m
−1=2
J . Hence, lowering mJ increases the
disagreement between predictions and observations, although the upper cuto on the predicted spectra diminishes.
For mJ < 10
4 GeV the conflict between observations and predictions at the upper end of the energy spectrum
disappears. However, an additional conflict exists at photon energies from  3 GeV to  102 GeV as probed by
EGRET if mJ < 10
16 GeV for GUT scale strings. Thus, we conclude that, generically, GUT-scale strings are ruled
out in the VHS scenario. We should, however, reiterate that the VHS scenario is not universally accepted as giving
the correct dynamics of cosmic strings.
We nd that the predicted cosmic ray proton and antiproton fluxes are two to three orders of magnitude smaller than
the neutrino fluxes. Another result of our study is that the secondary muon neutrinos from muon decay contribute a
substantial fraction of the total muon neutrino flux.
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Appendix: Neutrino Flux from Muon Decay
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In the main part of the text we computed the flux of particles resulting from two-body decay of charged pions in
a jet. The muons which are produced in this decay are unstable and in turn decay in a three body decay process
producing electrons, muon neutrinos and anti-electron neutrinos. In this Appendix we compute the full spectra
neutrinos from the  !  !  decay chain.
Because of the nite rest mass of the muon, the muon and muon neutrinos created in the rst stage of charged

















= 1− −1 where  is given by (6). The muon distribution is then
d
dE
= E−1 : (27)
In order to obtain the -flux, we integrate (4) over the range (25), resulting in (5). To obtain the flux of muon
decay products, we follow the method of Ref. [49]. In the laboratory frame the distribution of leptons of energy
El = yE produced by the decay of a muon of energy E is given by [Gaisser [49] p. 92]
dn
dy
= g0(y)− Pg1(y) (28)
















g0(y) = 2 − 6y
2 + 4y3
g1(y) = −2 + 12y − 18y
2 + 8y3
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for e. In (28),  is the projection of the muon spin in the muon rest frame along the direction of the muon velocity








Convolving the distribution (28) with the distribution of muons from pion decay (27) and integrating over muon


















Emin = min[rE; E ] :
For simplicity we will rst evaluate (29) for an initial pion distribution of the form
dN
dE
= KE−a ; a > 0 :












































a(a+ 1)(a+ 2)(a+ 3)
for e. Because of the opposite spin polarization of the muons and antimuons created in charged pion decays, this
spectrum also applies to the antiparticle decay chain.
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The distribution of pions produced in QCD jet decay can be approximated by the polynomial fragmentation function
(5). Evaluating (30) for the appropriate values of K and a and extending the analysis to a < 0, we nd the nal




































The  +  distribution includes the contribution (5) from the neutrinos produced in the rst stage of the pion
decay.
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